Note: A scanning electron microscope sample holder for bidirectional characterization of atomic force microscope probe tips Rev. Sci. Instrum. 83, 036108 (2012) A new TriBeam system for three-dimensional multimodal materials analysis Rev. Sci. Instrum. 83, 023701 (2012) Investigation of proximity effects in electron microscopy and lithography Appl. Phys. Lett. 100, 053118 (2012) Airtight container for the transfer of atmosphere-sensitive materials into vacuum-operated characterization instruments Rev. Sci. Instrum. 82, 123705 (2011) Refined tip preparation by electrochemical etching and ultrahigh vacuum treatment to obtain atomically sharp tips for scanning tunneling microscope and atomic force microscope Rev. Sci. Instrum. 82, 113903 (2011) Additional information on Rev. Sci. Instrum. The scanning speed of the two-dimensional stage dominates the efficiency of mechanical scanning measurement systems. This paper focused on a detailed scanning time analysis of conventional raster and spiral scan modes and then proposed two fast alternative scanning modes. Performed on a selfdeveloped scanning acoustic microscope (SAM), the measured images obtained by using the conventional scan mode and fast scan modes are compared. The total scanning time is reduced by 29% of the two proposed fast scan modes. It will offer a better solution for high speed scanning without sacrificing the system stability, and will not introduce additional difficulties to the configuration of scanning measurement systems. They can be easily applied to the mechanical scanning measuring systems with different driving actuators such as piezoelectric, linear motor, dc motor, and so on. The proposed fast raster and square spiral scan modes are realized in SAM, but not specially designed for it. Therefore, they have universal adaptability and can be applied to other scanning measurement systems with two-dimensional mechanical scanning stages, such as atomic force microscope or scanning tunneling microscope.
I. INTRODUCTION
Scanning acoustic microscope (SAM) has emerged to be a powerful instrument for imaging not only surface but also subsurface defects with a high spatial resolution since its first introduction by Lemons and Quate. 1 Unlike the x-ray and infrared techniques, ultrasound is sensitive to mechanical characteristics due to its intrinsic elastic property and can be utilized to classify different defects, such as voids, inclusions, and delamination between different layers. High frequency ultrasonic pulse is generated by the pulser/receiver and transducer, and then penetrated through the specimen. Most SAM works in reflection mode which means the ultrasonic echo reflected from the specimen is collected transiently for signal processing. A two-dimensional mechanical stage which carries the transducer is adopted to perform scanning of the entire specimen. Parker et al. presented an improved SAM which enables acoustic probing of materials over a wide range with minimal thermal aberrations.
2 SAM provides information of local properties such as tiny cracks, changes in elastic properties, and is now widely used in reliability evaluation and failure analysis of semiconductors, minerals, ceramics, and integrated circuits, 3 and extended to microscopic inspection of biological tissues. [4] [5] [6] Tanaka et al. used SAM to measure the acoustic properties of tissue-engineered cartilage at microscopic level which indicates the micro changes in the tissues with various components. 7 Grimal et al. derived the elastic coefficients and microstructures of the human femur cortical bone with an overall porosity of 8.5% from the image obtained by SAM. 8 For more efficient detection in the product line, the scanning speed (or efficiency) of SAM is of critical importance. Since the acquisition time of the ultrasound echo is very short, the scanning speed of SAM is mainly subjected to the maxia) E-mail: mbfju@zju.edu.cn. mum speed of the stages and scanning modes. Many works have been done to improve the speed through novel electromechanical design and control strategies, [9] [10] [11] [12] while it may lead to deterioration of positioning accuracy in high speed scenarios. However, the stability maintaining during the high speed scanning is also an inevitable problem. The PVA Company (Germany) proposed a method of using multi-identical transducers, all of which scan the specimen simultaneously. And then the whole images are reconstructed by connecting the images generated by each transducer in software. In this way, the scanning time is consumedly shortened. But it introduces more complicated signal processing, control techniques, and resulting high cost, particularly when the working frequency is high.
Actually, very few researchers focus on the exploration of the attributes and motion optimization of two-dimensional stages that usually applied in the mechanical scanning measurement systems. Considering the performance improvement of the stages may not only offer a better solution for high speed but also without sacrificing the stability and introducing additional difficulties.
The raster scanning mode is adopted by most of the mechanical scanning measurement systems such as atomic force microscope (AFM), scanning tunneling microscope (STM), and so on. It is realized by applying a triangular waveform to the fast axis and a staircase, or a very slow ramp signal to the slow axis of the scanning stage. 13 If the fast axis and the slow axis are working simultaneously according to each signal trajectory, the scan mode is shown as Fig. 1(a) , which results in non-uniform sampling interval between each scanning line so that gray value of the pixels in the image need to be interpolated. Commercial scanning measurement system usually adopts the scan mode shown in Fig. 1(b) . In this scenario, every time the fast axis finishes a line scan, the slow axis moves along the Y axis a small step equaling to the pixel size. Both of the conventional raster modes that shown in Figs. 1(a) and 1(b) do not fully utilize the slow axis to achieve a more efficient two-dimensional scan. Mahmood et al. proposed spiral scan mode with constant angular velocity for AFM (Refs. 14 and 15) as shown in Fig. 1(c) . The spiral scan can largely reduce the vibration of the scanner because the input signals for both axes have limited bandwidths. However, the scan speed of spiral scan is still not satisfied. Moreover, it introduces more difficulties in the axis control and image mapping, so it is not an optimal fast scanning mode.
In this paper, we focused on a detailed scanning time analysis of conventional raster and spiral scan modes and then proposed two fast alternative scanning modes. Taking a self-developed SAM, for example, the measured images obtained by using the conventional scan mode and the fast scan modes are compared. The scanning efficiency and effect to the system stability of these three modes are discussed in both theoretical analysis and experiment results. The two fast scanning modes can be easily applied to all the mechanical scanning measuring systems with different driving actuators such as piezoelectric, linear motor, dc motor, and so on. The newly proposed scanning modes will offer the better solution for high speed scan and without sacrificing the stability and will not introduce additional difficulties to the measurement systems.
II. ANALYSIS AND COMPARISON OF SCANNING MODES
The mechanical scanner in this study consists of two orthogonal precision linear motors in X-Y plane, which is typically adopted by most commercial scanning measurement systems. The scanning time of the conventional raster scan, spiral scan, and that of the newly proposed scan modes is calculated, with the consideration of the stability of the mechanical system.
A. Conventional raster (CR) scanning mode
Assuming the area to be measured is (Na) × (Na), where N is the total number of pixels and a is the dimension of each pixel. Typically, the calculations are based on a trapezoidal velocity profiler that generates the displacement input signal trajectory of the motor (or piezoelectric tube, etc.).
Let v m be the maximum velocity of the motion controller within the limitation of the bandwidth of the displacement sensor and a m is the maximum acceleration (or deceleration). As shown in Fig. 2 , the displacement input signal S(t) of any actuator has a period T, during which the actuator is accelerating or decelerating in the time t 1 , and move with a constant velocity in time t 2 , then stop to wait for another actuator to move in time t 3 . The corresponding velocity and acceleration (or deceleration) profile, S(t), can be described as the following equation through Fourier series:
where T = 2π /ω 0 and n = 1, 3, 5, . . . . The high frequency components attenuate greatly in order of (nω 0 ), 3 imposing little threat to the vibration of the system. This velocity curve may offer even better stability but slow down the speed. For convenience, the calculations are based on trapezoidal velocity profile which is widely adopted in motion control.
The average velocity v over a distance L is presented as
The time consumed of scanning one line by Y axis and that of a step move by X axis are given as T 1 and T 2 , respectively,
where v x and v y are the average velocities of X and Y axes, respectively. Then the total time is
To obtain a high resolution image, it has N 1. In this case, t CR is approximately represented as
B. Spiral scanning mode
As for the spiral scan mode with a pitch of p shown in Fig. 1 (c), its motion is described as constant angular velocity (CAV) and constant linear velocity (CLV) modes. And they can be expressed as
where r(t) is the instantaneous radius at time t, and ω, v are the angular velocity and linear velocity, respectively. The displacement input signals of the X and Y axes are
Constant angular velocity mode
In this case, by integrating both sides of Eq. (7), it has
The scanning area is selected as equivalent as that in raster scan mode for fair comparison, so πr 2 end = (Na) 2 and the total scanning time t spiral_CAV is computed to be
in which ω selected to be ω max = v m /r end and p equaling to a to avoid the degradation of the image resolution.
The main advantage of CAV is that the displacement signals of both actuators are of limited frequency components which can ensure the stability of the mechanical system. From Eqs. (6) and (11), it can be found that CAV is quite time consuming, whose scanning time is nearly twice that of the conventional scanning mode.
Constant linear velocity mode
Similarly, by integrating both sides of Eq. (8), the total scanning time is calculated as
In terms of the scanning efficiency, t spiral_CLV is half of t spiral_CAV and commensurate with t CR , so CLV mode is always applied in spiral scan for its high efficiency. On the other hand, as the radius decreases, the harmonic frequency of input signal increases, and brings some challenges to the stability control of the system. Theoretically, the maximum frequency increases to be infinity along with the radius goes to zero in the region of the spiral center. This inevitable problem is always minimized by keeping the relatively lower linear velocity. Combining the CAV and CLV modes may offer a better solution, in which working mode is switched from CLV to CAV as the instantaneous radius decreases below a threshold preset according to the practical situations. But as a result, the scanning process will be prolonged. In spiral scan mode, the efficiency must be reduced to ensure the stability of the system, and it has no speed superiority over the raster scan mode. Without complex controller design, the conventional raster scan mode is now still more prevalent than the spiral scan mode. Moreover, the distortion of the image caused by mapping the spiral result data to raster mode had to be considered when using spiral scan mode.
However, the spiral scan offers a new way of combing the two actuators working together. Inspired by this, two scan modes are presented here which can evidently evaluate the scanning efficiency based on cooperation control of two actuators of the stage without any much problems of system stability. They are the newly proposed fast raster (FR) scanning mode and square spiral (SS) scanning mode, respectively.
C. Fast raster scanning mode
In the conventional raster scan mode, the slow axis (for example, X axis) works with slow varying input signal so that its potential is not fully explored. As shown in Fig. 3(a) , the fast raster scanning mode proposed here means that the two axes are working simultaneously and their input signals are of the same amplitude and period. In this way, the stage is driven by two axes rather than only one axis that track the route of the raster trajectory at any time. The displacement input signals of the X and Y axes are given by
where f(t) is any displacement trajectory function generated by the velocity profiler of the motion controller and L 0 is the length of any line that makes up the scan mode. By differentiating Eq. (13), the velocity components along X and Y axes have the same amplitude. Therefore, it is the resultant velocity of both axes that follows the raster trajectory, whose amplitude is √ 2 times the velocity amplitude of single axis. In fast raster scan mode, the displacement input signals of the X and Y axes are
where f(t) and g(t) are any displacement trajectory functions.
(N − 1)a/ √ 2 and a/ √ 2 are the lengths of the scan line and step line in raster scan mode, respectively. For comparison with the conventional raster mode, a trapezoidal velocity profiler is applied for both axes. Similarly, the total scanning time of fast raster scan mode is
where the average speed for scanning one line and stepping movement are denoted by v scan and v step , respectively. They are
Substituting Eqs. (16) and (17) into Eq. (15) gives the total time
which is almost 1/ √ 2 of t CR that shown in Eq. (5), when N is large enough and acceleration (or deceleration) time is dramatically shortened.
D. Square spiral scanning mode
As shown in Fig. 3(b) , the resultant motion of the X and Y axes tracks a square trajectory which gradually spirals towards the center. And the displacement input signal of X and Y axes are also described by Eq. (13) , where S 0 is the length of the ith line that builds up the square spiral route. S 0 is obtained as
where k = [i/2] is the largest integer smaller than i/2. In square spiral scanning mode, the total scanning time t SS is calculated for a trapezoidal velocity profiler as
where For cases where pixel length a ranging from 0 to 200 μm and N = 512, the scanning time of the CR, FR, SS scan modes are shown in Fig. 4 with v m = 20 mm/s and a m = 0.5 m/s 2 for both axes of a two-dimensional linear motor driven stages. The scanning time of both the two new scanning modes reduces a lot when compared with the conventional one. From  Fig. 4 , the scanning efficiency is increased by almost 29%, to which the amount of improvement is converged along with the increasing of pixel length a by using the two fast scanning modes.
Compared with the typical CR scan mode, the proposed FR and SS scan modes can increase the scanning efficiency by an limited amount of 1/ √ 2 (≈29%), regardless of the specific trajectory of displacement input signals for actuators.
III. EXPERIMENTAL SETUP
To validate the feasibility and the practical application in measuring system, the proposed fast scanning modes were applied on a self-developed SAM as that shown in Fig. 5 .
The mechanical stage of this SAM is composed of two gantry type linear motors moving along X and Y axes. An acoustic point-focusing probe with a nominal frequency of 25 MHz is used to generate the incident acoustic pulse interrogating the specimen and collect the echo almost simultaneously to provide the raw data for imaging. During scanning of the acoustic probe in X-Y plane, the acoustic echo corresponding to each pixel of the full image is transiently acquired and digitized at a sampling rate of 1 GHz via an A/D card (NDT-AD-82G-PCI, Acquisition Logic Company, USA). The real time C-scan image is acquired and displayed line by line on the screen.
The trapezoidal trajectory is employed as velocity profile for both axes, and the control scheme for our mechanical stage is shown in Fig. 6 . Three scanning modes are provided, which generate the displacement input signal. The velocity feedforward enables fast response and precision tracking of the input displacement signal in combination with the Proportional- Integral-Differential (PID) closed feedback loop. Moreover, the acceleration feedforward is introduced to avoid large velocity overshoot and velocity feedback is used to damp the whole system.
IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
The detail of SAM working in CR, FR, and SS scan modes can be found in the integral multimedias, Fig. 7 , with the ultrasonic images of a coin were obtained and shown in Fig. 8 . The specific parameters for velocity profiler including the scanning area, velocity, acceleration, and the image resolution were set before experiments. Before applying FR and SS scanning, the coin needs to be rotated by an azimuth angle of 45
• in the X-Y plane after CR scan. Thus, there is a slight drift of the coin in image (b) and (c) due to the error caused by manual movement. However, no image degradation and distortion is introduced with the proposed fast scan modes by comparing the three images. Table I gives the time consumed of the three mechanical scan modes and the efficiency evaluated by using the two fast alternatives with different combinations of scanning area and image resolution. The theoretical calculation data are based on Eqs. (5), (18), and (20) for the purpose of comparison. The maximum velocity for both axes is 20 mm/s and the acceleration (or deceleration) is 500 mm/s 2 . From the table, it can be found that FR mode can obviously improve the scanning efficiency of more than 20% and reach nearly 29% in the last several cases. Whereas the SS mode is not as good as the FR mode, but it still contributes over 24% to the time reduction. As the scanning range is enlarged, the phase of constant velocity ( Fig. 2: t 2 ) in trapezoidal profile accounts for the major part of the whole time of motion duration ( Fig. 2: t 1 + 2t 2 ) . Thus, the scanning efficiency evaluated is more approaching 29% with larger scan area. The difference between the experiment results and theoretical ones is mainly due to the time delay caused by the acquisition of acoustic signal during the motion control.
Figures 9(a) and 9(b) are the displacement input (output) signals in X and Y axes in those three scan modes that measured by linear encoders with a resolution of 50 nm and digitized with a time interval of 10 ms. The Fourier spectrum of the displacement input (output) signals were analyzed for both axes to study the system stability, and as those shown in Figs. 9(c) and 9(d). As for CR mode, the spectrum of X signals is quite flat, whereas the peak amplitude of the spectrum of Y axis appears around 1.6 Hz, which is divided equally to be shared by both axes in FR mode. It should be noticed that the peak amplitude shifts right in the frequency axis is about 0.5 Hz in FR mode. Compared with that of the FR mode, not only the amplitudes of the major frequency components drop more than a half, but also the frequency band decreases in SS mode, leads to less threats to the stability of the scanning stage. Recent works to improve the speed of scanning measurement system are mainly concentrated on increasing the working frequency of the probe unit. Yongho's group used quartz crystal resonator to improve the dithering frequency of the fiber tip in Near-field scanning optical microscope (NSOM) (Ref. 16 ) and a similar work was proposed in Ref. 17 , in which the scanning speed has increased dramatically. However, for the special cases that the bandwidth of the probe unit is large enough, or for the other measurement systems such as SAM that needs no mechanical translation of the probe unit in the vertical direction and signal acquisition time is transient during scanning the specimen, the scanning speed of the two-dimensional stage becomes the dominating obstacle to the whole efficiency of the mechanical scanning measurement systems. The proposed fast FR and SS scan modes are realized in SAM, but not specially designed for it. Therefore, they have universal adaptability and can be applied to other scanning measurement systems with two-dimensional scanning stages, such as AFM or STM.
Moreover, the fast FR and SS scan modes only focus on exploring the potential of scanning stages without any additional requirement of the system configuration to evaluate the efficiency, which will not bring extra cost and scheme does not decrease system stability and accuracy.
V. CONCLUSION
The scanning speed of the two-dimensional stage dominates the efficiency of scanning measurement systems. On the basis of cooperation control of both axes in X-Y plane, two fast mechanical FR and SS scan modes were presented. Taking a self-developed SAM, for example, the measured images obtained by using the conventional scan mode and our fast scan modes are compared. The total scanning time is reduced by 29% of the two proposed fast scan modes. SS mode decreases the peak amplitude of resonant frequency in spectrum of displacement input (output) signals by more than a half, and reduces the bandwidth of input (output) signals at the same time.
Those two fast scanning modes can be easily applied to the mechanical scanning measuring systems with different driving actuators such as piezoelectric, linear motor, dc motor, and so on. The newly proposed scanning modes will offer better solution for high speed and without sacrificing the stability and will not introduce additional difficulties to the scanning measurement systems.
